Abstract: Heart failure is a complex mechanical and neurohormonal syndrome where the left ventricle fails as a pump, resulting in stasis of blood in the lungs and the periphery resulting in the cardial features of effort intolerance, fatigue, and peripheral edema. As part of the neurohormonal and local mechanical strain, tissue macrophages resident in the myocardium secrete galectin-3 which is a paracrine and endocrine factor which stimulates additional macrophages, pericytes, myofibroblasts, and fibroblasts to proliferate and secrete procollagen I which is irreversibly crosslinked resulting in myocardial fibrosis. In the general population, normal plasma concentrations of galectin-3 are < 11.0 ng/mL. Galectin-3 measured in blood has been shown to: 1) identify increased risk for new onset heart failure in healthy middle-aged adults; 2) predict cardiac failure in patients after acute coronary syndromes; 3) help establish the diagnosis of heart failure with preserved ejection fraction in patients presenting with exercise intolerance; and 4) aid in the prognosis of heart failure with preserved and reduced left ventricular ejection fraction. This manuscript will present practical real case management in these applications to highlight the importance of this new in vitro diagnostic test.
Introduction
Heart failure (HF) is a complex mechanical and neurohumoral syndrome with symptoms arising from hemodynamic congestion including dyspnea, orthopnea, paroxysmal nocturnal dyspnea or peripheral edema [1, 2] . The functional and histopathologic correlates of cardiac failure include myocyte dysfunction, accelerated apoptosis, and replacement fibrosis [3] . In the failing human heart, considerable quantities of myocardium can be replaced with fibrosis leading to both diastolic and systolic dysfunction as seen on echocardiography. In addition, cardiovascular fibrosis leads to both vascular stiffness and cardiomyopathy, both of which contribute to progressive left ventricular dysfunction ( Figure 1 ). Heterogeneity of depolarization in the myocardium as a result of fibrosis can lead to conduction delay, dyssynchrony, and re-entrant arrhythmias including ventricular tachycardia and ventricular fibrillation. Thus, assessment of the process of cardiovascular fibrosis with a novel in vitro diagnostic assay in plasma can be viewed as a breakthrough for clinicians in case management.
HF is a leading cause of emergency room visits, hospitalizations, and death with five million cases in the US and another 500,000 diagnosed each year resulting in the forecasted prevalence to double by year 2040 [4, 5] . Advancing age is a leading determinant of myocardial fibrosis, and thus, the incidence of HF nearly doubles for patients > 85 years of age compared to those < 75 years [4] .
Approximately two thirds of HF patients have ischemic cardiomyopathy with zones of cardiac fibrosis in the form of a healed infarction [5, 6] . The extent of coronary artery disease and prior infarction is associated with the severity of left ventricular dysfunction and clinical outcomes in those with both preserved and reduced ejection fraction [7, 8] .
Non-ischemic cardiomyopathy accounts for the remaining third of individuals with reduced left ventricular ejection fraction (LVEF). Most forms of non-ischemic cardiomyopathy have an underlying genetic susceptibility (e.g., polymorphisms in sarcomeric proteins, titin), and then a superimposed myocardial insult, such as long-standing hypertension, myocarditis, alcohol, cardiotoxic therapy (e.g., anthracyclines), infiltrative diseases (sarcoid, amyloid), radiation, autoimmune disease, etc. The important aspect of non-ischemic cardiomyopathy epidemiology is that among those discovered to have "idiopathic" dilated cardiomyopathy; approximately 20% of first degree family have subclinical disease [9] . An excess deposition of collagen in the extracellular matrix and tissue fibrosis may be an early finding in patients with subclinical disease and thus blood testing and imaging hold the promise of identifying underlying pathology [10] .
Chronic kidney disease (CKD) imposes three important pathophysiologic processes on the heart: 1) pressure overload; 2) volume overload; and 3) cardiomyopathy. When patients with CKD develop myocardial fibrosis and findings of HF, this is termed a type 4 chronic cardiorenal syndrome [11] .
Galectin-3-mediated cardiac fibrosis
The evidence base for galectin-3 and its role in the pathogenesis of cardiac fibrosis has been described in detail by McCullough and coworkers [12] . Production of galectin-3 from local pericytes, mast cells, and macrophages, induces resident fibroblasts and myofibroblasts to produce procollagen which is irreversibly crosslinked to collagen generating cardiac fibrosis ( Figure 1 ) [10, 13] .
The galectin family of carbohydrate-binding proteins (15 in mammals and 11 in humans) are important proteins in the scarring process. Galectins are carbohydrate-binding proteins involved in the regulation of satellite cell signaling, immunity and cancer. Galectin-3 (aka MAC-2 Ag) is an approximately 30 kDa glycoprotein that has a carbohydrate-recognition-binding domain of approximately 130 amino acids that enables the binding of β-galactosides [14] [15] [16] . It is encoded by a single gene (LGALS3) on chromosome 14, locus q21-q22 and expressed in the nucleus and mitochondria [17] . Galectin-3 as a paracrine protein directs cell adhesion, activation, chemoattraction, growth and differentiation, upregulation of the cell cycle, and apoptosis [18] . In the myocardium, galectin-3 assists transforming growth factor β (TGFβ) to increase cell cycle (cyclin D1) and of myofibroblasts which results in their proliferation and synthesis of procollagen 1. Recombinant galectin-3 has been shown to induce cardiac fibroblast proliferation, collagen production, and cyclin D1 expression [19] . In aggregate, the data strongly suggest that galectin-3 is a critical participant in the pathogenesis and progression of HF and therefore, present the following actual cases discussing results and management [20] . 
Case 1: galectin-3 and the risk of future heart failure
A 55-year-old male is seen in the office with a concern regarding the future risks of myocardial disease. He is asymptomatic but has a longstanding history of wellcontrolled hypertension and a normal LVEF of 60% and normal renal function. There is a family history of hypertension, HF, and cardiac death. His galectin-3 level is found to be 16.2 ng/mL (normal < 11.0 ng/mL) and this prompts repeat echocardiography which reveals mild left ventricular hypertrophy and an LVEF of 45%. His antihypertensive regimen is changed from amlodipine 10 mg p.o. qd to enalapril 20 mg p.o. bid in order to attenuate any further cardiac remodeling and reduce the risks of future HF.
The Framingham Heart Study measured galectin-3 from stored samples of study participants who were free of cardiovascular disease at baseline (single measurement). In this report from Ho and colleagues the mean age of the Framingham cohort was 59 at baseline, and those in the highest galectin-3 tertile (15.4-47.7 ng/mL) had a considerably higher rate (approx. 10% vs. approx. 2%) of incident HF and all-cause mortality when followed over the next 11 years (Figure 2 ) [21] . These findings have recently been corroborated in the Physicians Health Study where baseline galectin-3 levels also predicted the future risk of HF [22] .
Thus our patient with hypertension and an elevated galectin-3 level has higher risks of CKD with rapid progression as well as incidence HF and death. He should be considered to have stage A HF and in addition to the angiotensin converting enzyme inhibitor, consider β-adrenergic blockade if tolerated from a blood pressure and exercise perspective. In addition, surveillance for HF signs and symptoms is warranted.
Case 2: acute coronary syndrome with measurement of galectin-3
A 60-year-old man presents with a non-ST-segment elevation myocardial infarction. Coronary angiography reveals a severe lesion in the LAD treated with PCI and stenting and a moderate lesion in the proximal left circumflex which was not treated. The baseline galectin-3 was 22.1 ng/mL, B-type natriuretic peptide (BNP) was 151 pg/mL, and LVEF = 55%. The patient developed pulmonary edema and was transferred to the intensive care unit on hospital day 3 after prompt recognition and treatment. In this case both the galectin-3 and BNP anticipated acute decompensation and were prompts for careful observation in the hospital. Grandin et al. in the PROVE IT-TIMI 22 (Pravastatin or Atorvastatin Evaluation and Infection Therapy-Thrombolysis In Myocardial Infarction 22) trial found that a galectin-3 value > 16.7 ng/mL was associated with a 2.1-fold risk (95% CI 1.2-3.6) for developing HF, p = 0.010 ( Figure 3 ) [23] . Thus in addition to assessment of the degree of coronary disease, LVEF, and BNP, galectin-3 is helpful in the management of ACS. It is likely the galectin-3 level reflects the circulating levels before the myocardial infarction occurred since acute ischemia or infarction does not rapidly simulate macrophage production of galectin-3. 
Case 3: establishing an office diagnosis of heart failure
An obese 55-year-old female is seen for dyspnea on exertion (functional class II) and pedal edema. She has a history of hypertension treated with chlorthalidone. She has a normal cardiac exam. Electrocardiogram reveals normal sinus rhythm with left ventricular hypertrophy and no Q-waves. Persantine cardiac nuclear scintigraphy revealed normal myocardial perfusion. Echocardiography revealed LVH and LVEF = 65% with a pseudonormal (grade II) pattern of diastolic dysfunction. The BNP was 94 pg/mL and the galectin-3 was elevated at 20.4 ng/mL confirming a diagnosis of HF with preserved ejection fraction (HFPEF). Enalapril 5 mg p.o. bid and spironolactone 25 mg p.o. qd were started and chlorthalidone were discontinued. This case highlights how galectin-3 is useful in the obese dyspneic patient in sorting out multiple source of exercise intolerance and revealing significant myocardial disease.
Case 4: galectin-3 and prognosis of heart failure with reduced ejection fraction
A 68-year-old female with ischemic cardiomyopathy, LVEF = 30% and class 3 HF was seen for routine office visit. Past history included an anterior wall myocardial infarction several years ago confirmed by troponin testing and standard clinical criteria, dyslipidemia, and stroke.
She has fatigue, dyspnea on exertion, orthopnea, S 3 , and 3+ edema on exam. Cardiac magnetic resonance imaging demonstrated a large area of anterior fibrosis in the zone of a prior infarction (Figure 4 ). The galectin-3 level was found to be 28.8 ng/mL. The patient was changed from quarterly to monthly visits. Spironolactone 25 mg p.o. qd was started, enalapril was doubled in dose to 10.0 mg p.o. bid, and the remainder of the medical regiment was unchanged (carvedilol 12.5 mg p.o. bid, bumetanide 2 mg p.o. qd, warfarin 2.0 mg p.o. qd, aspirin 81 mg p.o. qd). In addition, she was referred for an implantable cardio defibrillator. The very elevated galectin-3 level indicates progressive cardiac and vascular fibrosis which can lead to the progression of HF by creating tissue heterogeneity which is the substrate for arrhythmias and cardiac death.
Among unselected HF patients, the median galectin-3 level is 17.7 ng/mL. Lin and coworkers measured blood galectin-3 in 106 patients with stable class 2 HF and mean LVEF of 35% and found significant relationships between galectin-3 and measures of cardiac fibrosis and extracellular matrix formation using multivariate analysis [24] . Log-transformed values of galectin-3 was significantly correlated with type 3 aminoterminal propeptide of procollagen (p = 0.006), tissue inhibitor of metalloproteinase-1 (p = 0.025), and metalloproteinase-2 (p = 0.016).
Approximately 90% of patients with HF experience death that is either attributable to pump failure or arrhythmias [4] . Progression of HF is characterized by frequent hospitalizations, symptomatic arrhythmias, and complications from other illnesses, such as infection, renal failure, and electrolyte imbalances including hyponatremia. As progressive cardiac fibrosis contributes to both systolic and diastolic impairment and creates opportunities for lethal arrhythmias, it is intuitive that a blood marker of cardiac fibrosis would be independently associated with HF hospitalization and death. In the Pro-BNP Investigation of Dyspnea in the Emergency Department (PRIDE) study, among those patients with acute dyspnea in the emergency department, log galectin-3 was associated with death, odds ratio (OR) = 10.3 (p = 0.007) and the composite of death or hospitalization, OR = 14.3 (p < 0.001) for death and the combination of death or hospitalization [24, 25] .
Galectin-3 was measured in 592 subjects in the Counseling in Heart failure (COACH) trial prior to hospital discharge and 6 months later in the office [24] . A two-fold rise in galectin-3 from baseline independently predicted HF rehospitalization and death after adjustment for age, gender, and natriuretic peptide levels with adjusted hazard ratio of 1.77, 95% CI 1.42-2.20, p < 0.001. Data combined from the COACH and CORONA (Controlled Rosuvastatin Multinational Study in Heart Failure) revealed that as little as a 15% change in outpatients can predict a worse (increase) or better (decrease) prognosis [26] . However, when evaluated individually in a smaller sample in CORONA, Gullestad and coworkers failed to find an independent relationship between the change in galectin-3 and HF outcomes when NT-proBNP was included in the final model [27] . Thus, galectin-3 has a more narrow range of biological variability ( ± 15%) than the natriuretic peptides where in general, a doubling of the baseline indicates worsening and a 50% decrease over time signals improvement [28] . In COACH, galectin-3 had prognostic values in both HFREF and HFPEF.
Integration of galectin-3 in heart failure management
An algorithm for patients with established HF confirmed by BNP or NT-proBNP is shown in Figure 5 . For patients in the ≤ 17.8 ng/mL range, good clinical practice and usual care are reasonable with periodic outpatient followup visits. For those in the 17.9-25.9 ng/mL range, more intensified care management is suggested by galectin-3 with possibly more frequent visits, medication monitoring and device monitoring/adjustment. In HF cases with galectin-3 > 25.9 ng/mL, there a markedly elevated risk of HF hospitalization and an even greater chance of death. In this group the most aggressive management could be considered including dedicated HF nurses and allied health professionals, home care, monthly or more frequent office visits, and possibly referral for transplantation. Optimization of medical and device therapy is also indicated by clinical parameters, such as functional class, congestion, edema, QRS duration, and other parameters on the intracardiac electrocardiogram [29] . Importantly, a galectin-3 level > 25.9 ng/mL predicts a 28% chance of Figure 5 Evidence-based algorithm for the measurement of galectin-3 in patients after hospitalization or in the office with established heart failure. Mgt, management. Adapted from reference [12] .
hospitalization and a 43% risk of death over 18 months; signaling an opportunity for counseling and in appropriate situations, measures appropriate for end-of-life care.
Summary
Galectin-3 is a paracrine factor that reflects cardiac fibroblast proliferation, collagen deposition, and progression of left ventricular dysfunction. In the general population, elevations of galectin-3 above the normal range relate a higher risk for the de novo development of HF. In the evaluation of dyspnea and fatigue, galectin-3 in conjunction with the natriuretic peptides, may help establish or rule out a diagnosis of HF. In established, chronic HF patients, galectin-3 levels > 25.9 pg/mL, or increasing levels over 6 months portend high rates of hospitalization and death. Practical case summaries and the literature to date indicate galectin-3 is a valuable tool for HF risk prediction, diagnosis, prognosis, and management. Future research is needed to understand how galectin-3 levels integrate with established biomarkers such as troponin I or T and BNP or NT-proBNP.
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